Introduction {#Sec1}
============

The near-term development of quantum technologies is fundamentally linked to the challenge of controlling quantum systems with high precision. Ideally, precision should be further flanked by flexibility and resilience against experimental imperfections, and by the capability of realizing many control operations on the system within its natural lifetime. Within the field of quantum control, a class of methodologies which satisfies many of these requirements -- especially precision, flexibility and robustness -- exploits the concept of adiabaticity^[@CR1]^: if a system, initially prepared in an energy eigenstate, is slowly driven in time with the instantaneous eigenvalues never crossing throughout the evolution, then it always remains close to the corresponding instantaneous eigenvector of the time-dependent Hamiltonian. It follows that, if the evolving eigenvector connects the initial state to a certain target final state, adiabatic tracking produces the desired quantum state transfer.

Despite the many advantages offered by the adiabatic methods, they intrinsically suffer from the requirement of slow evolutions, which drastically limits the number of operations to be performed on the system before environmental noise spoils its quantum features. Recently, so-called counterdiabatic (cd) or shortcut-to-adiabaticity or transitionless methods^[@CR2]--[@CR4]^, have been explored in great detail both from the theoretical point of view and from the experimental community. Indeed, they have been implemented in two and three-level systems in different experimental contexts such as cold atoms^[@CR5]--[@CR7]^, trapped ions^[@CR8]^, N-V centers^[@CR9]--[@CR12]^, superconducting qubits^[@CR13]--[@CR16]^, and micromechanical oscillators^[@CR17],[@CR18]^. While most experiments rely on the system driven by optical excitations, superconducting qubits can exploit the additional flexibility offered by microwave excitations. The aim of these protocols is to produce the same population transfer as that given by a truly adiabatic evolution but in a shorter time. The price to pay for the speedup is typically an increase of the needed control resources^[@CR19],[@CR20]^, especially in terms of tuneable Hamiltonian terms. This is in most cases too demanding from the experimental point of view: complete time-dependent control of all the couplings may be needed, for few-level systems, or even of interactions between distant subsystems for more complex systems. In order to overcome the experimental difficulty, it was soon realized that, via appropriate time-dependent unitary transformations, the scheme can in general be modified in such a way that the correcting Hamiltonian contains only realizable terms^[@CR21]--[@CR25]^. Physically, this typically means that the concept of adiabaticity is abandoned, and even if initial and final states are the desired instantaneous eigenstates of the original Hamiltonian, transitions are allowed throughout the intermediate path.

In this contribution, we introduce a cd scheme for producing state transfers in three-level systems which consists in an accelerated STImulated Raman Adiabatic Passage (STIRAP) built upon a general framework recently proposed^[@CR26]^. This is based on the application of radiofrequency sidebands to each optical excitation of the three-level system and it will be denoted as frequency-modulated STIRAP (fmod-STIRAP). For a given modulation frequency, the only control parameter is the time-dependent amplitude of the sidebands. The key advantage of the method is that of joining very high fidelities with fast timescales, close to the quantum speed limit without needing *ad hoc* adaptations of the standard STIRAP experimental control setup. Given the wide-spread use of STIRAP protocols, the present technique is applicable to a broad range of experimental systems. Since it does not require the system to completely abandon the adiabatic path, the method maintains the robustness of STIRAP while dramatically enlarging the parameter regions in which STIRAP is efficient. Moreover, the shortcut can be straightforwardly adapted to the implementation of quantum gates via fractional STIRAP^[@CR27]^, and it is not limited to a specific temporal regime: it can be beneficially used at all timescales from a quasi-adiabatic to a fully nonadiabatic regime. Finally, as compared to similar methods proposed theoretically^[@CR28],[@CR29]^ and also realized in the lab^[@CR15]^, the present sideband protocol does not produce diagonal terms in the system Hamiltonian, and hence it does not require to compensate variations of dynamical phase introduced by the control-induced ac-Stark shifts.
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=======

Three-level protocols {#Sec3}
---------------------

### STIRAP {#Sec4}

The starting point of our analysis is the three-level STIRAP protocol in ladder or $\documentclass[12pt]{minimal}
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*cd-STIRAP*. Among possible shortcuts to adiabaticity, much attention has been given to the idea of cd driving^[@CR19]^, also known as transitionless quantum driving^[@CR20]^. This protocol consists in applying additional control fields which compensate for nonadiabatic transitions exactly by instantaneously decoupling the adiabatic states. As a result, the latter are followed with unit fidelity at all times. The price to pay for this precision is the necessity to realize new time-dependent couplings in the Hamiltonian: indeed, counterdiabatic STIRAP (cd-STIRAP) requires a direct control on the $\documentclass[12pt]{minimal}
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Numerical analysis {#Sec6}
------------------

### Population transfer {#Sec7}

Here we discuss the performance of the fmod protocol for the desired population transfer between states $\documentclass[12pt]{minimal}
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A more thorough comparison between the two protocols is shown in Fig. [3](#Fig3){ref-type="fig"}. The numerical results reported in that Figure represent the final infidelity as a function of the $\documentclass[12pt]{minimal}
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### Protocol speed {#Sec8}

An important target for the applications of protocols such as cd-STIRAP and fmod-STIRAP described in this work is the possibility of speeding up, using limited resources, the quantum transfer process between initial and final states. For these protocols, we compare the transfer time from being in the state $\documentclass[12pt]{minimal}
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### Resources and constraints {#Sec9}
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### Robustness {#Sec10}

The infidelity minima (fidelity maxima) in Fig. [3b](#Fig3){ref-type="fig"} give evidence that the fmod-STIRAP protocol is robust against variations in the control parameters. Indeed, a fidelity around 0.9999 is reached within a half the parameter space of that figure. In order to verify that the fmod procedure does not result in difficulties in explicit implementations, we also analyze the sensitivity with respect to the phases of the control fields, which may be criticized as a weakness of other shortcuts to adiabaticity^[@CR30]^. In Fig. [4c,d](#Fig4){ref-type="fig"} we report numerical results which describe the dependence of the final infidelity on both the global phase $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\phi }_{G}$$\end{document}$ and the relative phase $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\phi }_{R}$$\end{document}$ of Eq. ([6](#Equ6){ref-type=""}). The results show that the method exhibits small sensitivity to phase errors. First of all, Fig. [4c](#Fig4){ref-type="fig"} indicates that, even in the presence of very large global phase shifts, fidelities above 0.9999 are always attained for different values of the driving frequency $\documentclass[12pt]{minimal}
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Quantum gates {#Sec11}
-------------

Modified STIRAP protocols have been studied for the realization of superposition states and quantum gates^[@CR29],[@CR40]--[@CR43]^. A fractional STIRAP^[@CR27]^ (f-STIRAP) prepares the system in an arbitrary superposition state$$\documentclass[12pt]{minimal}
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The corresponding counterdiabatic correction is similar to the one of Eq. ([4](#Equ4){ref-type=""}) depicted in Fig. [1b](#Fig1){ref-type="fig"}. The fmod shortcut Hamiltonian has the same form as that given in Eqs. ([6](#Equ6){ref-type=""}) and ([7](#Equ7){ref-type=""}), with the Rabi frequency $\documentclass[12pt]{minimal}
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These results highlight the potential of the protocol for applications of interest in quantum computation and quantum simulation, where the possibility of increasing the number of gate operations of even a small fraction, or the precision of single-qubit gates, can represent a substantial gain.

Discussion {#Sec12}
==========

The fmod-STIRAP protocol produces high fidelities systematically, opening a new route for the applicability of the STIRAP methodology (and modified STIRAPs) beyond the strictly adiabatic parameter regime. Crucially, the method can be easily realized experimentally, since it does not demand additional excitation resources, and it relies on the production of symmetric low-frequency sidebands. Indeed, the sideband generation requires easily accessible radiofrequency sources only, and it may take place at the expense of the laser intensity of the underlying STIRAP process. The potential production of undesired symmetric sidebands at larger frequencies is not a limitation: in the case in which their Rabi frequency can be controlled independently from that of the fundamental harmonic, they are a precious resource as discussed in the following. If they are not controllable in an independent manner, one can still adapt the construction of the effective Hamiltonian described in Methods in order to harness their effect: this would lead in general to a modified choice of the Rabi frequency $\documentclass[12pt]{minimal}
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                \begin{document}$${\Omega }_{d}(t)$$\end{document}$. Fmod-STIRAP can be used with excellent results to reduce and optimize the resources dedicated to the excitation itself. This operating regime of our protocol could be exploited to extend the applicability of STIRAP to solid-state systems or to extreme ultraviolet excitations, where the shorter natural lifetimes call for an increase of the excitation power in order to reach the pulse-area threshold for an efficient transfer. Furthermore, the transfer time attained by the protocol, close to the quantum speed limit, is independent of the laser peak values of the STIRAP driving pulses. It is determined only by their temporal parameters, together with the driving frequency, and this property makes the fmod scheme very attractive. Even at very low Rabi frequencies of the pump and Stokes control pulses, the evolution follows closely the one produced by exact counterdiabatic driving in both amplitude and time.

As benchmark figure of merit, we concentrated especially on the final fidelity, timing and stability with respect to variations in the choice of parameters. In this respect, the use of (two) sidebands at the same frequency is interesting *inter alia* for its simple implementability, producing competitive results with a modest increase of the STIRAP complexity. Nonetheless, the fmod strategy can be adapted and extended *ad hoc* in order to focus and optimize different aspects of the controlled dynamics. This can be done by controlling symmetric sidebands at higher frequency harmonics. The increase of control parameters can then be exploited for fine-tuned shaping of the effective Hamiltonian. Possible objectives of this procedure may be the minimization of the oscillations around the target adiabatic path^[@CR45]^, or the robustness against selected types of external noise^[@CR46],[@CR47]^. In this direction, the method may be combined with successful techniques from optimal control for carrying-out the optimization task, such as stochastic gradient (learning) algorithms^[@CR47]^. All the mentioned features of fmod-STIRAP make it particularly fascinating from the experimental point of view, showing its potential for generalizations to speed up adiabatic passages in more-level configurations, and hence for successful applications in many branches of quantum science.

Methods {#Sec13}
=======

fmod-STIRAP hamiltonian {#Sec14}
-----------------------

The shortcut Hamiltonian is constructed such that it reproduces $\documentclass[12pt]{minimal}
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The diagonal elements in Eq. ([12](#Equ12){ref-type=""}) represent the highest-order ac-Stark shifts induced by the drivings. For the effective Hamiltonian of Eq. ([12](#Equ12){ref-type=""}) to match the counterdiabatic correction $\documentclass[12pt]{minimal}
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fmod-STIRAP implementation in an optical excitation {#Sec15}
---------------------------------------------------

We consider a possible experimental realization where an input laser intensity $\documentclass[12pt]{minimal}
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Relaxation {#Sec16}
----------

Energy relaxation is taken into account in the numerical simulations by using the following Lindblad master equation for the density matrix $\documentclass[12pt]{minimal}
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Transfer times {#Sec17}
--------------

### Constant pulse {#Sec18}
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### cd-STIRAP {#Sec19}

Since, under cd-STIRAP, the system instantaneously follows the dark state with unit fidelity, the occupation probabilities of states $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|0\rangle $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|2\rangle $$\end{document}$ can be expressed in terms of the mixing angle, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p}_{0}(t)={\cos }^{2}\,\theta (t)$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p}_{2}(t)={\sin }^{2}\,\theta (t)$$\end{document}$. For the Gaussian pulses of Eq. ([2](#Equ2){ref-type=""}), these expressions can be inverted for finding the time as a function of the populations, by using in the intermediate steps the explicit expressions of the pulses and of the mixing angle. The result is$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t({p}_{0}=p)=\frac{1}{{\Omega }_{{\rm{c}}{\rm{d}}}^{{\rm{p}}{\rm{e}}{\rm{a}}{\rm{k}}}}\,\log \,[\sqrt{\frac{1-p}{p}}];\,t({p}_{2}=p)=\frac{1}{{\Omega }_{{\rm{c}}{\rm{d}}}^{{\rm{p}}{\rm{e}}{\rm{a}}{\rm{k}}}}\,\log \,[\sqrt{\frac{p}{1-p}}].$$\end{document}$$

The difference $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tau }_{{\rm{cd}}}=t({p}_{2}={p}_{2}^{(f)})-t({p}_{0}={p}_{0}^{(i)})$$\end{document}$ then gives the total transfer time, which is thus completely governed by the peak value of the cd Rabi frequency. Since the dark state matches exactly the states $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|0\rangle $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|2\rangle $$\end{document}$ only asymptotically, the transfer time is consistently divergent for unit initial and final occupations. The pulse area for a given transfer is the same as that for a constant-Rabi pulse^[@CR19],[@CR28]^.

### fmod-STIRAP {#Sec20}

For determining the transfer time of the fmod-STIRAP protocol, the dynamics of the populations $\documentclass[12pt]{minimal}
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